aggregates has been reported in Langmuir films 12 . The position of the J-band is controlled by the mixing of two types of molecules 13 . J-aggregates in LB films show femtosecond optical response times 14 , and multiple wavelength optical recording can be achieved by using two types of Jaggregates 15 . Optical and photoelectric properties of LB films containing J-aggregates change reversibly by vapor phase treatments, promoting applications in reusable sensors 16 .
Ando et al. first reported the UV irradiation-induced isomerization of spiropyran to merocyanine followed by the formation of J-aggregates 17 . Room temperature UV irradiation of six-layer LB films of an amphiphilic spiropyran, 1 ,3 -dihydro-3 ,3 -demethyl-6-nitro-1 -octadecyl-8-docosanoyloxymethyl spiro 2H-1-benzopyran-2,2 -2H -indole SP1822 , mixed with octadecane leads to the isomerization of SP1822 to its merocyanine form without the formation of J-aggregates. In contrast, UV irradiation at temperatures above 35 results in the J-aggregation of merocyanine. J-aggregation of this kind, where photoisomerized molecules form J-aggregates, is termed light-induced J-aggregation 18, 19 and has been investigated extensively in pure Langmuir and LB films of SP1822 20, 21 . UV irradiation of Langmuir films of SP1822 at a subphase temperature of 7 isomerizes SP1822 to its merocyanine form without J-aggregation. In contrast, UV irradiation at 30 induces J-aggregation in the Langmuir films accompanied by large morphological changes. Careful investigation of light-induced J-aggregation in mixed LB films of SP1822 and alkanes shows that J-aggregates are formed at temperatures above the melting point of the mixture 22 . At temperatures below the melting point, alkanes pack with the alkyl chains of SP1822 and those of its merocyanine form to hinder J-aggregation, which explains the temperaturedependent photoreactions of mixed LB films of SP1822 and octadecane reported by Ando et al 17 . Langmuir films of SP1822 show thermal hysteresis of light-induced J-aggregation, which is related to the phase transition that occurs in bulk SP1822 23 . Light-induced J-aggregation also occurs in mixed LB films of SP1822 and arachidic acid 24 . To control J-aggregation, chemical modifications of SP1822 have been performed. The effect of differing alkyl chain lengths in SP1822 on light-induced J-aggregation in LB films has been previously examined 25 28 , as well as the effect of substitution on the chromene ring 29 and the indoline ring of SP1822 30, 31 . Photoreactions of LB films of MeO-SP1822, an SP1822 analog with a methoxy group at the 5 position 1 -octadecyl-3 ,3 -dimethyl-5 -methoxy-6-nitro-8-docosanoyloxymethyl spiro 2H-1-benzopyran-2,2 -indoline , mixed with octadecane or methylstearate have also been reported 30 . UV irradiation of LB films with a 1:2 mixture of MeO-SP1822 to octadecane at temperatures above 40 produces H-aggregation of its merocyanine form. In contrast, UV irradiation of LB films with a 1:1 mixture of MeO-SP1822 to methylstearate at temperatures above 40 promotes J-aggregation. However, the authors did not report on the structures of the LB films or the plausible explanation for the difference in the photoreactions. The formation of J-aggregates by UV irradiation enables the production of designed patterns 23 and has potential applications in photon mode optical storage. An alternative method of producing such structures, called triggered J-aggregation, occurs by photoisomerization of an azobenzene derivative that triggers the formation of J-aggregates of coexisting molecules in the mixed LB films 18, 19, 32, 33 . Alternating irradiation of UV and visible light in mixed LB films of a nonphotochromic cyanine dye and an azobenzene derivative induces the isomerization of azobenzene, which serves as a trigger to J-aggregation of the cyanine dye 32 . Two-dimensional structures of the mixed LB films are converted into three-dimensional structures with cone-shaped moieties. Photoisomerization of the azobenzene derivative also promotes J-aggregation in mixed LB films of SP1822 and azobenzene 33 . Alternating irradiation induces the formation of nucleation sites and increases the mobility of molecules, resulting in the formation of finger-like structures.
In this study, we investigated J-aggregation caused by light irradiation at room temperature, without heating, in mixed LB films containing MeO-SP1822. We used singlelayer LB films because the structure of the initial transferred layer, which depends on surface properties of the substrate, can be significantly different from those of subsequent deposited layers as a result of reorganization during transfer. We fabricated mixed LB films of MeO-SP1822 and an azobenzene derivative, N-p-p-dodecylphenylazo phenyloxy dodecylpyridinium bromide AzP in order to trigger to J-aggregation through isomerization of azobenzene 32, 33 . Considering that large morphological changes in LB films often occur by the photoisomerization of azobenzene 34 , we studied structural changes as well as photoreactions of the mixed LB films brought about by alternating UV and visible light irradiation. We have found, for the first time, two types of azobenzene-rich phases in mixed LB films that promote J-aggregation: one serves as a nucleation point for the formation of finger-like domains of J-aggregates, while the other does not promote the formation of these domains. We propose that the former phase is partially buried in merocyanine-rich multilayers and the latter phase is situated on top of the multilayers.
EXPERIMENTAL PROCEDURES

Materials
MeO-SP1822 30 and the azobenzene derivative AzP 35 were synthesized according to literature procedures. Structures and photoreactions of the molecules are shown in Fig. 1 . Chloroform, used as a spreading solvent, was obtained from Dojindo.
Monolayer experiments
All the experiments were performed under yellow light to avoid undesired photoreactions. Monolayer experiments were done in a NIMA 632D1D2 LB trough. Chloroform solutions 0.1 mM of MeO-SP1822 and AzP were prepared and mixed at specific molar ratios. The mixed solution was spread on an aqueous subphase purified by a Barnstead NANOpure Diamond resistivity of the water 18 MΩ cm . After 5 min of evaporation time, the molecules were compressed at 1. Triggered J-aggregation in the LB films of spiropyran used for spectroscopic and fluorescence microscope measurements, while silicon wafers were used for atomic force microscope AFM and Kelvin probe force microscope KFM measurements.
Characterization
A Brewster angle microscope BAM equipped with a CCD camera and a video recorder was made in-house. A He-Ne laser at 632.8 nm was used as the monitoring light. UV-visible spectroscopy was performed on a JASCO V-560 spectrophotometer. AFM images of the LB films were taken on a Seiko SPA 300 with an SPI 3800 probe station in noncontact mode dynamic force mode . Commercially available Si cantilevers with force constants of 1.9 N m 1 and resonance frequencies of 29 kHz were used. KFM images were taken using commercially available gold-coated Si cantilevers with force constants of 1.3 N m 1 and resonance frequencies of 25 kHz. Fluorescence microscopy images were taken using an OLYMUS BX60.
Photoirradiation
For UV-visible spectroscopy and ex-situ AFM measurements, LB films were alternately irradiated with monochromatic light at 340 25 nm for UV and 436 25 nm for visible light from a 500 W Xenon lamp. For in-situ AFM measurements of the LB films, alternating irradiation was performed using monochromatic light at 334.2 and 435.8 nm from a 500 W high-pressure mercury lamp through a monochromator and brought to the sample by means of a fiber optic cable. Photoirradiation was carried out at room temperature.
RESULTS
3.1 Langmuir lms of MeO-SP1822, AzP, and their equimolar mixture The surface pressure-area isotherm of MeO-SP1822 shows an onset pressure at an area per molecule of about 1.1 nm 2 at 20 , followed by a gradual increase in surface pressure with compression Fig. 2 . We also measured surface pressure-area isotherms of MeO-SP1822 at 10 and 30 and found that the isotherms shifted slightly to a larger area-per-molecule region with an increase in the subphase temperature, while the shape of the isotherm was almost unchanged. This shows that surface pressurearea isotherms do not depend strongly on the subphase temperature, in contrast to isotherms of SP1822, which show a deflection point only at high temperatures 20 . The AzP was similar to that of MeO-SP1822; the isotherm shifted slightly to a larger area-per-molecule region with an increase in subphase temperature, while the shape of the isotherm was almost unchanged. The surface pressure-area isotherm of an equimolar mixture of MeO-SP1822 and AzP is located almost in the center of the isotherms of MeO-SP1822 and AzP, indicating that the additivity rule almost holds in the present case. In usual cases, this indicates the occurrence of ideal mixing or phase separation. This point will be discussed later. Figure 3 shows the BAM images of Langmuir films of MeO-SP1822, AzP, and their equimolar mixture at 10 . Just after spreading, the Langmuir film of MeO-SP1822 is continuous with some voids Figure 4A shows an AFM image of an LB film of MeO-SP1822 prepared at 20 mN m 1 at 20 . This film consists of disk domains with almost constant heights of approximately 4 nm, suggesting that these domains have ordered layered structures that must be multilayered, considering that the molecular length of MeO-SP1822 is 2-3 nm in its stretched form. No disk domains were observed in the LB films fabricated at 10 mN m 1 at 20 , suggesting that the domains evident in the BAM images failed to be transferred to the substrates or that the films underwent large-scale reorganization during the transfer at 10 mN m 1 . In the following experiments, we fabricated LB films at 20 mN m 1 . Figure 4B shows an AFM image of an LB film of AzP. This film consists of flat finger-like domains at a height of about 4 nm with protruding granular domains. Considering the thickness of the film, the finger-like domains must be multilayer. ) at 10℃. Figure 5A shows a change in the absorption spectrum of an LB film of MeO-SP1822 upon UV irradiation. The absorption band due to MeO-MC1822 in the region of 450-650 nm increases with an increase in irradiation time. This is accompanied by decreases in absorption bands due to MeO-SP1822 in the regions of 220-270 nm and 320-360 nm. These results show that UV irradiation promotes isomerization of MeO-SP1822 to MeO-MC1822 and that J-aggregates do not form in the LB films of MeO-SP1822 upon UV irradiation at room temperature under the experimental conditions employed in this study. The LB films did not show any significant morphological changes after UV irradiation.
Pure LB lms of MeO-SP1822 and AzP
Figure 5B shows the change in the absorption spectrum of an LB film of AzP after alternating irradiation of UV and visible light. The dotted line shows the spectrum before irradiation. The absorption band in the region of 300-400 nm is due to the absorption of a trans-isomer of AzP with the transition moment directed along the long axis of azobenzene. UV irradiation significantly decreases the intensity of this band, while visible irradiation restores the intensity to almost that of the as-deposited film. UV irradiation also results in an increase in the intensity of a band in the region of 400-500 nm due to the absorption of a cis-isomer of AzP. These spectral changes are reversible by alternating irradiation, which shows that AzP isomerizes reversibly. The LB films did not show any significant morphological changes after UV or visible irradiation.
Mixed LB lms of MeO-SP1822 and AzP
We investigated the photoreactions and structures of mixed LB films of MeO-SP1822 and AzP. Figure 6 shows the changes in the absorption spectra of mixed LB films of MeO-SP1822 and AzP at molar ratios of 3:1, 2:1, 1:1, and 1:2 with alternating irradiation cycles of UV and visible light. Typical spectral changes for a 1:1 mixed LB film are evident in Fig. 6C . UV irradiation induces both the isomerization of MeO-SP1822 to MeO-MC1822 and the isomerization of trans-AzP to cis-AzP. The following visible light irradiation causes the reverse reactions of MeO-MC1822 to MeO-SP1822 and cis-AzP to trans-AzP. With additional irradiation cycles, the absorption bands in the region of 450-650 nm increase, with the appearance of narrow bands at 596 nm due to the formation of J-aggregates of MeO-MC1822. For the films at molar ratios of 3:1 and 1:2, the J-band exists as shoulder peaks. These results indicate that J-aggregates of MeO-MC1822 form in the mixed LB films upon alternating irradiation cycles. Considering that J-aggregation does not occur in pure LB films of MeO-SP1822, it is suggested that the isomerization of AzP triggers J-aggregation.
The amount of J-aggregates forming in the mixed LB films depends on the molar ratio and reaches a maximum at a molar ratio of 1:1, indicating that the amount of J-aggregation is not proportional to the amount of MeO-SP1822. This suggests that the MeO-SP1822 molecules in the mixed films are not homogenous and the occurrence of J-aggregates depends on the mixing. The absorbance of the J-band in the 1:1 molar ratio LB film after each irradiation cycle is calculated by subtracting the absorbance of monomeric MeO-MC1822 at 596 nm from the absorbance of the LB film at 596 nm. The calculated values are plotted in Fig. 7 . It is evident that the absorbance increases with alternating irradiation cycles. It is difficult to determine which of the two irradiations is more efficient in terms of promoting J-aggregation. This is in contrast to the case of the mixed LB films of SP1822 and the azobenzene derivative where UV irradiation is more efficient than visible light irradiation in promoting J-aggregation 33 . Figure 8 shows ex-situ AFM images of mixed LB films of MeO-SP1822 and AzP at a 1:1 molar ratio before and after alternating irradiation of UV and visible light. Before irradiation, island-like multilayer domains and granular domains coexist in the film with features characteristic of pure LB films of both MeO-SP1822 and AzP, shown in Fig. 4 . The island-like domains have flat multilayer structures with heights around 4 nm and should be MeO-SP1822-rich. The granular domains at a height of 4-7 nm above the multilayers should be AzP-rich.
As discussed in section 3.1, the additivity rule almost holds for the surface pressure-area isotherms. In cases where the Langmuir films have two-dimensional structures, this feature shows the occurrence of ideal mixing or phase separation. However, in this work we should not describe the structures of mixed LB films on the basis of surface pressure-area isotherms because three-dimensional structures are evident in the pure LB films of MeO-SP1822 and AzP and in the mixed LB films.
The structure of a mixed LB film after alternating irradiation is shown in Fig. 8B . On the island-like multilayer domains, finger-like structures grow from some of the granular domains showing J-aggregation. We have reported similar phenomena in pure LB films of SP1822 and in mixed LB films of SP1822 and azobenzene derivative 20, 33 .
Void space between the multilayer domains in pure LB films of SP1822 inhibits the growth of fingers in the interdomain regions 20 . Likewise, in mixed LB films of SP1822
and azobenzene derivative, thin films present between the azobenzene-rich multilayer domains prevent fingers from developing in the inter-domain regions 33 . In the present study, finger-like structures consisting of J-aggregates extend from the island-like multilayer domains to the interdomain region. This shows the presence of the MeO-MC1822-rich phase in the inter-domain regions. Furthermore, it is evident that not all granular domains serve as nucleation sites for finger-like J-aggregates. This suggests the presence of two types of granular domains. Figure 9 shows in-situ AFM and KFM images of a mixed LB film of MeO-SP1822 and AzP after two and three alternating irradiation cycles. In-situ AFM images show that finger-like structures grow on the island-like domains that contain J-aggregates. In-situ KFM images show that the surface potential of the finger-like structures is smaller than that of the surrounding island domains by 20-30 mV. The surface potential of the other regions remains unchanged by irradiation. This strongly suggests that the isomerization of MeO-SP1822 does not significantly change the surface potential. The growth of finger-like structures is accompanied by reorganization of the molecules, leading to a possible orientational change of the alkyl chains in MeO-MC1822. The surface potential of a methyl group aligned vertically at the air-water interface is reported to be as large as 665 mV 36 . This large value can account for the decrease in surface potential if the alkyl chains change the orientation. This suggests that the orientation of the alkyl chains change with the formation of finger-like structures so that the methyl groups are slightly more tilted. Figure 10 shows a fluorescence microscopy image of a mixed LB film of MeO-SP1822 and AzP after three alternating irradiation cycles of UV and visible light. The fluorescence microscopy image of the LB film before irradiation was featureless. Fluorescence of J-aggregates is much stronger than that of monomeric merocyanine and small aggregates of merocyanine. Fluorescence of spiropyran and azobenzene is very weak and usually undetectable. The image after irradiation shows that the finger-like structures consist of J-aggregates and that J-aggregates are also present under the granular domains.
DISCUSSION
We propose a structural model of mixed LB films of MeO-SP1822 and AzP before and after irradiation Fig. 11 . The granular domains are present both in the mixed LB films and in the pure LB films of AzP. This suggests that the granular domains in the mixed LB films are AzP-rich. Similarly, multilayer domains are considered to be MeO-SP1822-rich. Alternating irradiation of UV and visible light promotes the formation of J-aggregates in the finger-like structures and in the multilayer domains beneath the granular domains. We find two types of granular domains that are able to develop finger-like structures.
AzP molecules present in granular domains that are able to develop finger-like structures are abbreviated as AzP 1, and those in the granular domains that do not nucleate finger-like structures are abbreviated as AzP 2. The most plausible explanation for the difference between AzP 1 and AzP 2 is that the two species differ in layer order in the multilayer domains. Considering that finger-like structures develop from three-dimensional structures in the multilayer domains of pure LB films of SP1822 20 and in mixed LB films of SP1822 and azobenzene derivative 33 , it is suggested that AzP 1 exists in granular domains that are partially buried in the multilayer domains. Furthermore, we assume that AzP 2 is present in the granular domains located on top of the multilayer domains. AzP 2 promotes J-aggregation in the multilayer domains positioned just beneath the granular domains of AzP 2. These results show, for the first time, that J-aggregates are present in two forms in LB films. As in mixed LB films of SP1822 and azobenzene derivative, there should be another component of AzP that is dissolved in the multilayer domains, abbreviated as AzP 3. Isomerization of AzP 3 increases the mobility of MeO-MC1822 and facilitates J-aggregation 33 . We assume that the amount of AzP 3 is much smaller than that of AzP 1 or AzP 2. The amount of J-aggregates is maximum at a 1:1 molar ratio. This can be explained by assuming that the ratio of the amount of AzP 1 to AzP 2 is constant in the mixed LB films. The amount of AzP 1 is proportional to AzP, while the amount of multilayer domains is considered to be proportional to of the amount of MeO-SP1822. We further assume that the ratio of MeO-SP1822 multilayers to MeO-SP1822 monolayers is constant. The intensity of the absorption band of J-aggregates triggered by AzP 1 isomerization is approximated to be proportional to the product of the amount of AzP 1 and the number of MeO-MC1822 molecules in the multilayer domains per unit area. This means that the amount of J-aggregates triggered by AzP 1 isomerization is maximized at a certain molar ratio. Similarly, the amount of J-aggregates triggered by AzP 2 isomerization is maximized at the same molar ratio. The above discussion is consistent with the experimental results.
CONCLUSION
In summary, we demonstrate that J-aggregation in the mixed LB films of MeO-SP1822 and AzP is triggered by the isomerization of AzP. In contrast to previously reported cases of light-induced J-aggregation 17 31 and triggered Jaggregation 32, 33 , we find, for the first time, that J-aggregates are present in two forms: one existing in finger-like structures nucleated by the granular domains of AzP 1 and the other existing in multilayer domains positioned just beneath the granular domains of AzP 2. We propose that AzP 1 is located in granular domains that are partially buried in the multilayer domains, and AzP 2 is positioned in the granular domains on top of the multilayer domains. Importantly, AzP 2 promotes J-aggregation just beneath the granular domains. This type of J-aggregation is not accompanied by large morphological changes, which suggests that the spacial resolution of the formed J-aggregates is better than that of J-aggregates with large morphological changes. Further studies are needed to obtain material in which J-aggregation occurs without any morphological changes. MeO-SP1822 has a structure similar to that of SP1822, the only difference being the substitution of a methoxy group at the 5 position. This small difference, together with the added azobenzene, affects the photoreaction of an amphiphilic spiropyran derivative in such a manner that J-aggregates are formed without large morphological changes, suggesting the possibility of controlling the functionality of such materials by adjusting the substituents. The results of this study will contribute to the fabrication of memory devices and switches.
